or complicated obstructions, surgical release may be the treatment of choice; distention-associated abdominal pain in these patients may disappear soon after surgery. However, pain is a major concern in the conservative management for chronic partial obstruction and in palliative treatments for inoperable and malignant BO. [4] [5] [6] In fact, mechanical BO occurs in up to 25% and 42% of patients with colon and ovarian cancers, respectively. 4, 6 Moreover, 92% of patients with malignant obstruction have distention-associated abdominal pain. 4, 7 In addition, distention-associated abdominal pain and discomfort are major symptoms in chronic functional obstruction, such as intestinal pseudo-obstruction, megacolon, and Hirschsprung's disease. [8] [9] [10] As there is no specific analgesic for distention-associated pain in BO, high-dose opioids are the primary anti-pain treatment for abdominal pain in BO. [4] [5] [6] 11 However, opiates are well known to further cause opioid-induced bowel dysfunction, that is, constipation and narcotic bowel syndrome. 12, 13 It is thus imperative to uncover the mechanisms of distension-associated abdominal pain, so that specific therapeutic targets may be identified.
Visceral hypersensitivity (VHS) is a well-recognized mechanism for abdominal pain. [14] [15] [16] [17] [18] Abnormal hyper-excitability of primary sensory neurons plays an important role in the development of VHS. [15] [16] [17] Recent studies found that the cell excitability of dorsal root ganglia (DRG) neurons and visceral sensitivity were augmented significantly in BO. 19, 20 However, the mechanisms underlying neuronal hyperexcitability in BO remain incompletely understood.
Neuron cell excitability is determined in large part by voltagegated ion channels (VGIC) in the cell membrane. [15] [16] [17] Recent studies found that activities of voltage-gated Na + channels (Na v ) especially TTX-resistant Na v are significantly increased in DRG neurons in BO. 20 However, it is not known if other ion channels are involved in sensory neuron hyper-excitability in BO. Voltage-gated potassium channels (K v ) represent the most diverse class of VGIC from functional to structural standpoints. K v regulate cell excitability by affecting resting membrane potential (RP) and the duration and frequency of action potential (AP) in sensory neurons. 21, 22 Two major types of K v currents are identified in primary sensory neurons: slowly inactivating 'delayed' currents (I K ) and rapidly inactivating "transient"
A-type currents (I A
. [21] [22] [23] The I A group subtypes include K v 1.4 and K v 4.3, and the I K subtypes, K v 1.1. 21, 22 It is not known whether K v function and expression are altered in BO, and if so what accounts for the changes.
Brain-derived neurotrophic factor (BDNF) belongs to the neurotrophin (NT) family of growth factors. 24, 25 There is ample evidence suggesting that BDNF regulates pain processing. 24, 26, 27 BDNF may be released from peripheral tissues and DRG neurons, and acts on the low affinity p75 NT receptor and high affinity tyrosine receptor kinase B (Trk B). 24 As a pain mediator, BDNF is well known for its role in central sensitization of pain processing. 24, 26, 27 However, recent studies suggest that BDNF may also be involved in peripheral sensitization of visceral pain pathways by acting on primary afferent neurons in conditions such as gut inflammation and irritable bowel syndrome. 28, 29 In these conditions, BDNF was reportedly released from inflammatory cells in the peripheral tissues. 28, 29 As it was reported recently, BDNF may modulate K + channel expression and function in the primary sensory neurons. 25, 30, 31 Lumen distention-associated mechanical stretch is a cardinal feature in bowel obstruction. [32] [33] [34] In this study, we tested the hypothesis that mechanical stress-induced expression of BDNF in the obstructed colon plays a crucial role in the development of sensory neuron hyper-excitability by altering K v activity in colon-projecting sensory neurons (colon neurons), contributing to distention-associated abdominal pain in BO. We found that mechanical stretch in BO induced a robust expression of BDNF selectively in gut smooth muscle cells (SMC). We examined whether K v currents are altered in the colon neurons, and determined if BDNF up-regulation in the colon contributes to the K v current changes and abnormal hyper-excitability in the colon-projecting neurons. Furthermore, we sought to determine the molecular mechanisms underlying the changes of K v activity in colon neurons in obstruction.
| ME THODS

| Rat model of bowel obstruction
The Institutional Animal Care and Use Committee (IACUC) at the The rodent model of partial colon obstruction was prepared by following procedures described previously. [33] [34] [35] In brief, rats were anesthetized with 2% isoflurane inhalation by an E-Z Anesthesia vaporizer (Palmer, PA). After midline laparotomy, a distal colon
Key Points
• Distention-associated abdominal pain is a main symptom in bowel obstruction (BO). Previous studies found that visceral sensitivity is increased in BO. However, the mechanisms of visceral hypersensitivity in BO are incompletely understood.
• We now found that mechanical stress-induced BDNF in gut SMC plays a critical role in visceral hypersensitivity in BO via suppression of transient A-type (I A ) K + channel activity and gene expression in primary sensory nerve.
• These findings may help to identify therapeutic targets toward to distention-associated abdominal pain.
segment 4 cm proximal to the end of colon was carefully exposed. A small mesenteric opening (5 × 5 mm 2 ) was made next to the exposed colon segment. A 3-mm wide medical grade silicon ring was placed around the colon wall through the small mesenteric opening. The size of the silicon ring (21 mm in length) was ∼1-2 mm greater than the outer circumference of the colon when the colon segment was filled with fecal pellets, allowing partial obstruction. The procedure to implement the silicon ring was completed within 2 min. The sham control rats underwent the same surgical procedure except that the ring was removed immediately after the 2-min procedure. 34 Rats were euthanized at different time points up to 7 days following the induction of partial obstruction. A 3-cm-long colon segment starting at 1 cm oral to the site of obstruction was collected as distended tissue, and a 2-cm-long colon segment starting at 0.5 cm aboral to the obstruction was taken as non-distended internal control. The mucosal/submucosal (M/SM) and muscularis externa (ME) layers were separated by microdissection as described previously. 32, [36] [37] [38] These tissues were used for histological, biochemical, and molecular studies.
In some in vivo experiments, specific Trk B inhibitor ANA- 
| Measurement of referred visceral sensitivity
Direct assessment of visceral sensitivity by measuring visceromotor response (VMR) to colorectal distension with a balloon 23, 36, 43, 44 is not feasible during colon obstruction. However, as visceral pain has the unique feature that a painful sensation is found in a referred somatic region, we measured referred visceral sensitivity in our model with Von Frey filament (VFF) test as described elsewhere. 15, 19, 20 Rats were shaved in the abdomen, and a 3 × 3 cm 
| Labeling of colon specific sensory neurons in DRG for patch clamp study and for mRNA detection
Colon specific neurons in DRG were labeled for patch clamp recordings as described previously 20, 28, 34 by injecting 1,1′-dioleyl-3,3,3′,3
-tetramethylindocarbocyanine methane sulfonate (DiI, Invitrogen, Carlsbad, CA) into the colon wall during the same operation to induce obstruction. Five microliter (5 μL) of DiI (50 mg/mL in methanol) was injected into the muscle layer of the gut wall at 6~8 sites of the mid colon segment (∼4 cm in length) oral to obstruction in BO rats or the counterpart mid colon in sham controls. Animals were returned to normal housing until euthanasia for patch clamp recordings 7 days after DiI injection.
To determine gene expression in colon specific neurons, cholera toxin B subunit (CTB, 40 μg in 20 μL PBS per rat) (Invitrogen) was injected to the wall of mid colon (6 sites). After 7 days, rats were euthanized, and DRGs were isolated, immediately embedded in OCT, frozen in dry ice and stored at −80°C until further processing. Then, serial sections (10 or 20 μm thick) of DRGs were cut at −20°C using a cryostat (Thermo Scientific). The sections were mounted on glass slides, dehydrated, and cleared. The CTB labeled colon specific DRG neurons were identified under fluorescence microscope (488 nm) and harvested by laser capture micro-dissection 20,34 for qPCR detection of mRNA expression. The reduced external Ca 2+ would also be expected to suppress Ca 2+ -activated K + current. The two kinetically distinct K v currents, I A and I K , were isolated by the biophysical analysis and pharmacological approaches described in previous studies. [48] [49] [50] I A and I K were separated biophysically by manipulating the holding potentials. The total outward currents (I total ) were recorded in response to voltage steps from −100 to +30 mV in 5-mV increments with duration of 400 ms.
| DRG neuron dispersion and patch-clamp study
I K was isolated when the membrane potential was held at −50 mV.
Subtraction of I K from I total represents I A . To control for changes in cell size, the current density was measured by dividing the current amplitude by whole cell membrane capacitance (pA/pF), which was obtained by reading the value for whole cell input capacitance cancellation directly from the patch-clamp amplifier.
| RNA preparation and quantitative RT-PCR
Total RNA was extracted from colon ME and M/SM tissues, and from CTB-labeled colon specific DRG neurons using the Qiagen RNeasy 
| Western blot
Colonic muscularis externae (ME) and mucosa/submucosa (M/S)
were homogenized on ice in lysis buffer supplemented with protease inhibitor cocktails (Sigma-Aldrich, St. Louis, MO) as described previously. 34, 35, 38, 51 After spinning at 12 000 g at 4°C for 15 min, the supernatant proteins were collected and resolved by a standard immunoblotting method. 34, 35, 38, 51 Equal quantities of total protein were run on premade 4%-12% Bis-Tris SDS-PAGE (Invitrogen, Carlsbad, CA). The primary antibody to BDNF (1:200) was purchased from Santa Cruz (Santa Cruz, CA). β-actin antibody (1:5000, Sigma) was used as loading control. The protein detection was performed using ODYSSEY Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
| Immunohistochemistry study
Immunohistochemical staining of BDNF protein was performed on formalin-fixed, paraffin-embedded mid colon segments (5-6 cm from the anus) isolated from rats in sham control and with obstruction, as described previously. 
| Statistical analysis
| RE SULTS
| Mechanical stress-induced expression of BDNF mRNA and protein in colon smooth muscle cells in bowel obstruction
We first determined if the expression levels of BDNF mRNA and protein were altered in the colon tissue in obstruction. Quantitative
RT-PCR revealed that BDNF mRNA expression was dramatically increased in a time-dependent manner (day 1 to day 7) in the colonic muscularis externae (ME) of the dilated segment oral to obstruction, but not in the non-dilated aboral segment ( Figure 1A) . The maximal increase in BDNF mRNA expression was 8.0(±1.9)-fold on day 3
in BO (P < .01 vs sham), compared to sham controls. Interestingly, the BDNF mRNA expression was not increased in the mucosa/submucosa (M/SM) layer ( Figure 1B ). Western blot results showed that BDNF protein expression was significantly increased in the ME on day 3 and day 7 of obstruction ( Figure 1C ).
Further immunohistochemistry study of the ME revealed that BDNF was detectable only in the myenteric plexus of the colon in sham control rats ( Figure 1D-a) . However, in the obstructed colon, BDNF expression was detected also in the SMC (Figure 1D-b) .
When no anti-BDNF antibody was added into the reaction, we detected no staining in either myenteric plexus or smooth muscle cells ( Figure 1D-c) .
The above in vivo studies indicate that mechanical stress may be the driving force for the up-regulated expression of BDNF in colon SMC in BO. We further determined in vitro in the primary culture of rat colonic SMC whether mechanical stretch with a Flexcell sys- were stretched at 5% elongation for 1 hour and samples harvested 3 hours later, we found no significant change in BDNF mRNA in the stretched samples compared to no-stretch controls. However, 10%
and 18% elongation of the cells significantly increased BDNF mRNA expression by 1.6 (± 0.3)-and 1.8 (± 0.3)-fold, respectively (P < .05 vs no-stretch controls. N = 5 or 6 independent experiments for each group) (Figure 2 ).
| Abnormal hyper-excitability of primary sensory neurons in bowel obstruction
Abnormal hyper-excitability of primary sensory neurons contributes to peripheral sensitization and visceral pain. [15] [16] [17] We found that membrane excitability of colon specific DRG neurons was markedly sham. This data suggest that visceral sensitivity was heightened in the BO rats, compared to sham.
| Reduction in voltage gated K + channel activity and in primary sensory neurons in bowel obstruction
Voltage gated K + channels (K v ) play essential roles in establishing membrane excitability. 
| Effects of anti-BDNF treatment
Previous in vitro studies showed that incubation of naïve DRG neurons with recombinant BDNF reduced total K v and I A currents, and increased cell excitability. 21 To determine if up-regulation of BDNF in the colon plays a role in DRG neurons hyper-excitability and reduction in K v activity in BO, we incubated DRG neurons isolated from BO rats with control medium and anti-BDNF antibody (0.1 μg/mL) for 24 hr. The colon-specific DRG neurons (labeled with DiI) were identified and recorded. As shown in Figure 5 , F I G U R E 2 Effect of mechanical stretch on expression of BDNF mRNA in rat colonic circular SMC in vitro. Primary culture of rat colonic circular SMCs were treated without (empty bar) or with static stretch (filled bar) at different elongation (5%, 10%, and 18%) for 1 hr, and cells were harvested 3 hours after stretch ended. Total RNA was extracted for qPCR quantitation of BDNF mRNA expression. N = 5 or 6 independent experiments, *P < .05 vs nostretch (N.S.) control 
| Role of BDNF and Trk B in visceral hypersensitivity in BO: effects of Trk B inhibitor ANA-12
As BDNF acts on Trk B receptor in afferent nerve, we examined the in vivo effect of specific Trk B inhibitor ANA-12 on cell excitability
in colon-projecting DRG neurons in sham and BO (day 7) rats. (A) Representative traces of K v in
sham and BO rats, with the I total in the left, the I K in the center of the panel, and the I A in the right. For total K V current (I total ), the membrane potential was held at −100 mV and voltage steps were from −40 to +30 mV with 5-mV increments and 400-ms duration. For sustained K v current (I K ), the membrane potential was held at −50 mV and the voltage steps were the same as above. Currents generated by these two protocols were subtracted to produce I A . Bar graphs of the mean peak K v density of DRG neurons from sham and BO rats were displayed in B for I total , in C for I K , and in D for I A currents. The current density (in pA/pF) was calculated by dividing the current amplitude by cell membrane capacitance. N = 30 neurons (five rats) in sham and 31 neurons (six rats) in BO. *P < .05 vs sham F I G U R E 5 Effects of anti-BDNF antibody on membrane excitability (A-C) and K v (D-F) in colon-projecting DRG neurons of BO rats. DRG neurons were isolated from T13 to L2 of rats with BO (7 days), and were incubated at 37°C for 24 hr in the absence and presence of anti-BDNF (0.1 μg/mL). DiI labelled colon projecting neurons were identified for patch clamp recording. N = 18 neurons recorded in each group (four independent experiments). *P < .05 vs BO control and K v function in the colon-projecting DRG neurons in obstruction.
Our results revealed that ANA-12 significantly attenuated hyperexcitability ( Figure 6A-D) and blocked the reductions of I total and I A currents in OB ( Figure 7A ).
Consistent with earlier reports, 20 bowel obstruction significantly increased the withdrawal response of the rats to mechanical stimulation with von Frey filaments to the abdominal wall, indicating a heightened referred visceral sensitivity in BO. However, ANA-12 treatment significantly improved the referred hypersensitivity in obstruction ( Figure 7B ,C).
| Gene expression of neurotrophin receptors and K v subunits in colon projecting DRG neurons
In an attempt to understand the mechanisms of altered K v activity and abnormal hyper-excitability in the sensory neurons in BO, we determined mRNA expression of Trk A, Trk B, and select K v subtypes in the colon-specific DRG neurons isolated by laser capture microdissection. 20, 36 As patch clamp showed that I A , but not I K , activity is selectively altered in BO, we chose to determine the expression of 
| D ISCUSS I ON
In this study, we confirmed that colon neuron excitability and visceral sensitivity were significantly augmented in a rodent model of BO. The abnormal hyper-excitability is due to the changes of lumen This was associated with attenuation of referred visceral hypersensitivity. Moreover, anti-BDNF antibody treatment significantly attenuated membrane hyper-excitability of the colon neurons isolated from BO rats, while previous studies showed that exogenous BDNF increased cell excitability of naïve DRG neurons. 21 We determined the source of increased BDNF in obstruction. Taken together, these studies indicate that gut SMC, via the mechano-transcription mechanism, 52 has a unique role in the pathogenesis of gut dysfunction in obstructive bowel disorders. It is noteworthy that increased expression of COX-2 peaked on day 1 to day 3 of BO. 34 Other inflammatory mediators such as MCP-1 and iNOS were found increased only in the first 1 to 3 days of obstruction. 37 However, obstruction induces long-lasting expression of neurotrophins NGF and BDNF. By day 7, the increase in NGF and BDNF in the distended bowel is still several fold higher than in sham controls. 20 These data indicate that inflammatory mediators may contribute to abdominal pain only in acute phase of lumen distention, 36 whereas neurotrophins may account for long-lasting chronic pain in BO, especially with their profound genomic effects (ie altered expression of Na v 1.8 and K v 1.4) on sensory neurons. 20 BDNF is well known for its role in central sensitization. 24, 26, 27 Normally, BDNF exists in DRG neurons, and serves as a modulator at the first synapse of the pain transmission pathway in the spinal dorsal horn. 24, 27 Several recent studies reported that BDNF produced from inflammatory cells in the gut may contribute to peripheral mechanisms of visceral hypersensitivity. 28, 29 In this study, we found is not known. However, it is well recognized that retrograde transport of neurotrophic factors and their receptors is required for their signal transduction. 24, 53 It is suspected that binding of colon SMC-derived BDNF to Trk B receptor on the sensory nerve will initiate endocytosis of Trk B at the nerve terminals. The BDNF-Trk B complex associated with adaptor proteins and signaling effectors will be retrogradely transported along the long processes to the cell body of DRG neurons. 53 It is in the cell body that BDNF may exert its activities to regulate K v gene expression and activity of the DRG neurons.
In summary, we found that expression of BDNF mRNA and 
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